This paper introduces a new approach to deblocking of JPEG compressed images using overcomplete wavelet representations. By exploiting cross-scale correlations among wavelet coe cients, edge information in the JPEG compressed images is extracted and protected, while blocky noise in the smooth background regions is smoothed out in the wavelet domain. Compared with the iterative methods reported in the literature, our simple wavelet-based method has much lower computational complexity, yet it is capable of achieving the same PSNR improvement as the best iterative method, and giving visually very pleasing images as well.
Introduction
With the widespread adoption of the JPEG standard for still image compression 1], there has been interests in deblocking of JPEG compressed images which demonstrate blocking e ects, especially at low bitrates. This blocking e ect is due to the underlying block-based approach JPEG takes that processes each block independently. At low bitrates, the JPEG compression process introduces large high frequency quantization error to each individual block, resulting discontinuity across block boundaries in the JPEG compressed image, hence the annoying blocking e ects.
To remove this blocking e ect, several deblocking techniques have been proposed in the literature as postprocess mechanisms after JPEG compression, depending on the angle from which the deblocking problem is tackled. If deblocking is viewed as an inverse (or estimation) problem, the simplest solution is probably just to lowpass the blocky JPEG compressed image, as was done in 2]. More sophisticated approaches involve iterative methods such as projection on convex sets 3, 4] and constrained least squares 4, 5] . Excellent results were reported by Linares et al in 6] where more computationally involved techniques such as edge detection and spatially adaptive ltering were used. The main drawback of these approaches is their computational complexity.
In this paper, we view deblocking as a denoising problem for the JPEG compression process can be thought of as one that introduces quantization noise to the compressed image. We apply the nice denoising property of wavelets in solving this deblocking problem. The wavelet-based soft-thresholding algorithm proposed by Donoho assumes Gaussian noise 7]. While a direct application of Donoho's algorithm in deblocking appeared in 8, 9, 10], we recognize that the Gaussian assumption is not valid for JPEG quantization noise. The authors of 8] addressed the issue of dealing with non-Gaussian noise within the framework of soft-thresholding. We make the observation that the JPEG quantization noise is structured, i.e. most of it is concentrated at around block boundaries. Thus the deblocking problem simply boils down to smoothing out discontinuity across block boundaries only in smooth background regions but protecting edges that might occur at block boundaries. A good deblocking algorithm should be able to distinguish edges from smooth regions. This calls for e cient edge detection in the deblocking procedure.
The overcomplete wavelet representation introduced by Mallat et al. characterizes a signal by the local maxima of its wavelet transform modulus 11], and nding these local maxima is equivalent to the Canny edge detector 12]. In addition, better denoising performance was reported by Lang et al. using overcomplete, rather than complete wavelet representations 13]. Given these edge detection and denoising properties, overcomplete wavelet representations are well suited for deblocking of JPEG compressed images. We apply the fast wavelet algorithm sketched in 11] with the wavelet lters given in the same paper. The complexity of the wavelet algorithm is O(NlogN) for N N images.
In this paper, instead of nding the exact local maxima of the wavelet transform modulus, we exploit cross-scale correlation for edge detection by directly multiplying the overcomplete wavelet representations of a JPEG compressed image at di erent scales. Locations with across-scale correlation above a certain threshold are identi ed as edges, while low across-scale correlation regions are treated as background. With this simple direct multiplication approach, we extract and protect edge information across block boundaries, and smooth out blocky discontinuity in the smooth background regions. Furthermore, JPEG quantization noise inside each image block is suppressed by thresholding the wavelet coe cients.
Our simple wavelet-based deblocking approach, although conceptually straightforward, gives the same PSNR improvement, compared with the best iterative method published in the literature 4]. At the same time, the visual quality of the deblocked images is very high as well, and all these are achieved at a much lower computational cost.
Deblocking Using Overcomplete Wavelet Representations

Discrete Dyadic Wavelet Transform
Here we give a very brief description of the discrete dyadic wavelet transform used in our deblocking algorithm, referring the reader to 11] for more mathematical details. Assume f(m; n) is a given JPEG compressed image of size M N. At each scale j, with j > 0 and S 0 f = f(m; n), the wavelet transform decomposes S j?1 f into a lowpass image S j f, a horizontal highpass image W H j f and a vertical highpass image W V j f, from which the S j?1 f can be reconstructed by the inverse wavelet transform. Note that all three wavelet images S j f, W H j f and W V j f at scale j are of size M N, which is the same as S j?1 f, and all lters used at scale j (j > 0) are upsampled by a factor of 2 j compared with those at scale zero.
The Deblocking Algorithm
We extract edge information by direct multiplication of cross-scale wavelet coe cients. We start by taking a two-scale discrete dyadic wavelet transform of a JPEG compressed image f(m; n). The 
where E(m; n) = 1 means f(m; n) is an edge pixel, while E(m; n) = 0 means f(m; n) belongs to a background region. The purpose of merging two directional edge maps into one is for better detection of diagonal edges.
With edge information E(m; n) at hands, we threshold the highpass wavelet images, and smooth out blocky discontinuities in the background regions of the lowpass wavelet image (see Fig. 2 ). The thresholding operation for the highpass wavelet images is de ned as follows: the JPEG compressed Lena images at three di erent bitrates, starting from lower bitrate. Before presenting detailed results, we point out that our experiments show that our deblocking algorithm is robust with respect to the threshold T.
The results of our deblocking algorithm are shown in Table 1 . From these results, we see that the wavelet-based deblocking algorithm improves the objective quality of the JPEG compressed images in terms of PSNR, especially at lower bitrate when the blocking e ect is more severe. In the mean time, most of the blockiness are removed, making the deblocked images look visually much more pleasing. We include the best deblocking results from 4] in the last column in Table  1 . It is noteworthy to point out that our simple deblocking algorithm achieves the same PSNR improvement as the more complex iterative one in 4]. Although our algorithm falls short at higher bitrates, the main thrust of deblocking is targeted at JPEG compressed images at very low bitrate. Indeed, the compressed Lena image at 0.43 b/p has much less blockiness than the one compressed at 0.15 b/p, for which deblocking is almost a necessity. Fig. 3 . The improvement after deblocking is obvious, with the blockiness in Fig. 3 (c) being almost all gone in Fig. 3 (d) . 4 
Conclusions
We present a wavelet-based deblocking algorithm for JPEG compressed images. The strength of our algorithm is its algorithmic simplicity and competitive deblocking performance. This new algorithm is well suited for real time deblocking of JPEG compressed images. 
